Crystal and magnetic structure of the Lai-^Ca^MnOs compound (x = 0.8,0.85). 
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We studied the crystal and magnetic structure of the Lai-xCa^MnOs compound for x = 0.8 and 
x — 0.85. At T = 300 K both samples are paramagnetic with crystallographic symmetry Pnma. 
At low temperatures they undergo a monoclinic distortion from orthorhombic Pnma-type structure 
with a p yf2 x 2a p x a p \/2 to a monoclinic structure with (a p \^2 x 2a p x a p \/2, f3 = 90 + £ ~ 91.4°) 
and P2i/m space group below Tjv. The onset of the structural transformation coincides with the 
development of the C-type long range antiferromagnetic order with propagation vector k = (| , 0, 
The monoclinic unit cell allowed us to determine the direction of the Mn magnetic moment with 
respect to the crystallographic axes: it is perpendicular to the propagation vector, ml k = (^,0, ^). 
The amplitude of the ordered magnetic moment at T — 1.6 K is found to be 2.53(2) and 2.47(2)/^s 
for x = 0.8 and 0.85, respectively. 

PACS numbers: 75.30 Vn,25.40.Dn,75.25.+z,75.50.+Ee,64.70.Kb 



I. INTRODUCTION 

The interest in the mixe^pffiflpskiteaj \ L , \ .±—.X.<\ ,- 
Mn0 3 has been renewecfflMiBM-BBytiley in 

connection with the.-discovery of colossal magnetoresis- 
tance for x ~ 0.33.E3 For the high doping range with 
x > 0.5, the Mn 3+ e g electrons become localized at 
low temperatures with a concomitant anisotropic bond 
reorganization in the oxygen environment of the man- 
ganeses. This cooperative atomic rearrangement can 
change the symmetry or not, depending upon the par- 
ticular electronic concentration, orbital occupancy, aver- 
age size and distribution in the La site. Thus, when the 
temperature is lowered through a transition temperature 
T co , charge and orbital ordering occur. Up to now two 
distinct cases of charge-ordering have been reported for 
x = 0.50 and x = 0.67 both by transmission electron 
microscopy and synphmtron x-ray and neutron powder 
diffractionJia-BBElaO 

At half-doping (x — 0.50), the system undergoes 
a phase transition from paramagnetic (insulating) to 
ferromagnetic-metallic (FM) phase at onset temper- 
ature T c — 234 K and then upon cooling to an 
ferromagnetic- insulating (AFM) phase at = 163 



ant 

K.E3 The antiferromagnetic phase presents charge and 
spin ordered structure, called CE typeo where real space 
ordering of Mn 3+ and Mn 4+ takes place. The basic char- 
acteristic of x = 1/2 phase, at low temperature, is the 
one after the other ordering of the Mn 3+ and Mn 4+ ions 
along the a ~ \/2a v (Pnma setting, a p is the pseudo 
cubic unit cell parameter of the ideal cubic perovskite 
structure) leading to a superstructure. jwithi s. propaga- 
tion vector k = (27r/a)(l/2,0,0).yyEMBE2 

For x = 0.67 pioneer work of RadaelliOnJ and c plLajpp . 
rators has shown a crystallographic charge-ordered! 19 ! 2 '!'!! 1 ] 
and magnetic superstructure. The antiferromagnetic 
structure is noncollinear with the a lattice parameter to 



be tripled and the c lattice parameter to be doubled with 
respect to the average crystallographic unit cell Pnma 
setting. The crystallographic structure below the charge- 
ordering temperature (Tco ~ 260 K) is characterized by 
ordering of the d z i orbitals of the Jahn- Teller-distorted 
Mn 3+ C>6 octahedron in the orthorhombic ac plane, and 
the appearance of supcrlattice peaks in the x-ray pat- 
terns corresponding to a tripling of the a axis lattice pa- 
rameter. The refinement has revealed ordering of the 
Mn 3+ cations in sites as far apart as possible in the ac 
plane " Wigner- crystal" model and transverse displace- 
ments of the Mn 4+ C>6 oetahedra in the c direction. A 
recent study on x — 2/3E3 combining transmission elec- 
tron microscopy with high resolution synchrotron powder 
x-ray diffraction data also supports the "Wigner crystal" 
model. 

Moreover, transmission electron microscopy studies in 
Lai^Ca^MnOs with x = 0.50,0.625,0.67,0.75 and 0.80 
have shown superlattice reflections and their analysis 
pointed to a linear dependence between the magnitude 
of the modulationj&fave vector q s along the a axis and x, 
that is, q s = 1 — x.c3 However, the suaerJattice reflections 
of the charge-ordering for x — 0.8E2IE3 were noticeably 
broader than lower compositions, indicating a very short 
coherence length. 

Given the interplay of structural, transport, and mag- 
netic properties on these highly correlated electron sys- 
tems it is extremely important to provide information 
on the crystal and magnetic structure for x values 
above Q, 7 . 5» for which the existing literature is rather 
limited. li2E3 

In the present paper we discuss the crystal and mag- 
netic structure for doping levels near the end mem- 
bers of the Lai-^CazMnOa homologous series using 
elastic neutron diffraction data from polycrystalline 
Lai^zCa^MnOs samples with x = 0.8 and 0.85. An im- 
portant question that is been posed is whether charge 
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FIG. 1: Rietveld refinement for Lao.isCao.gsMnOs at 300 
K (A = 1.798A).The observed data points are indicated with 
open circles, while the calculated pattern is shown as a con- 
tinuous line. The positions of the reflections are indicated 
with vertical lines below the pattern. 



ordering is actually present or not. 



II. EXPERIMENTAL DETAILS 

Lai-^Ca^MnOa samples with x = 0.80 and x = 0.85 
were prepared by thoroughly mixing high purity stoi- 
chiometric amounts of CaC03, La2C>3, and MnC>2. The 
mixed powders reacted in air in temperatures up to 
1400°C for several days with intermediate grindings. Fi- 
nally the sample was slowly cooled to room tempera- 
ture. Neutron diffraction data were collected on the 
E6 and E9 diffractometers of the research reactor BER 
II in Berlin. The neutron powder diffraction experi- 
ments as a function of temperature in the low angle 
range were performed in diffractometer E6 using a wave- 
length A = 2.44A((002) reflection of a pyrolytic graphite 
monochromator). For crystal structure refinement, data 
were collected on the E9 diffractometer with wave length 
A = 1.798 A ((511) reflection of a vertically focusing Ge 
monochromator), with collimation a± = 10^ (in pile col- 
limator), a2 = 20^ (second collimator after monochroma- 
tor) and 64 x 10^ collimators in front of 64 3 He single 
detector tubes. The powdered samples were placed in 



a cylindrical vanadium can (D = 8 mm) mounted in an 
ILL orange cryostat. DC magnetization measurements 
were performed in a superconducting quantum interfer- 
ence device (SQUID) magnetometer (Quantum Design). 



III. CRYSTAL STRUCTURE 

We performed Rietveld refinements of the nuclear and 
magnetic structures of neutron data using the FULL- 
PROF programJHj The systematically absent reflections 
of the x = 0.8, 0.85) diffraction patterns at 300 K are con- 
sistent with space group Pnma. The crystal structure at 
300 K was refined using as starting model the orthorhom- 
bic GdFeC>3 type structural model. First, the scale fac- 
tor, background, unit cell parameters and zero-shift er- 
rors were optimized. The peak shapes are well described] 
by function proposed by Finger, Cox and JcphcoatE2l 
in order to model appropriately the-.high vertical aper- 
tures used in the beam geometry.Eil Then, we refined 
the atomic positions and the isotropic thermal parame- 
ters. In the final step, we refined the oxygen thermal pa- 
rameters anisotropically reducing further the refinement 
agreement parameters. Figure |l| shows as an example the 
observed and calculated neutron powder diffraction in- 
tensity patterns for the Lao.isCao.ssMnOs sample at 300 
K. The corresponding structural parameters are reported 
in Table Q and the selected bond distances in Table 0. 
The structure at this temperature is orthorhombic with 
a > c > &/V2. Assuming that the Mn site is completely 
occupied and refining the occupation factors for La/Ca 
and O we found the nominal ones within the standard 
deviation errors. Judging from the estimated Mn-0 dis- 
tances, the octahedral distortion is small and can be con- 
sidered as slightly tetragonally elongated with four short 
bonds - 1.91A (t wo in the basal plane (a — c-plane) and 
two apical bond (along 6— axis)) and two longer bonds 
~ 1.92A in the basal plane. 

The neutron diffraction patterns, below a temperature 
denoted by T c , indicate a change of symmetry since sev- 
eral extra peaks appear with respect to the high temper- 
ature Pnma space group. Figure ^ shows the neutron 
diffraction patterns collected with a wavelength 2.44A 
(E6 diffractometer) for the x = 0.85 sample from T = 1.6 
K up to 165 K. Close inspection of the diffraction pat- 
tern at T = 1.6 K shows a splitting of the (111) re- 
flection, characteristic for the existence of monoclinic 
distortion of the structure with the monoclinic angle 
(3 > 90°. In the case of a monoclinic distortion of the 
unit cell, one expects a splitting of the reflections (111) 
and (lll),(d~ 2 (lH)— e?~ 2 (lll) cx — cos /3), since the cross 
term hi in the expression for the d-spacing for these re- 
flections is non zero. 

The structure at T = 300 K is associated with 
the GdFeOa/CaTiOs type structures (like the samples 
with different Ca content) and is derived from the cu- 
bic perovskite by a combination of MnOe octahedra 
tilts (GlazerE3 notation Pnma, a~b + a~ ). Looking in 
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FIG. 2: Observed and calculated neutron powder diffraction intensity patterns at T — 1.6 K and neutron diffraction patterns 
at 50 K, 100 K, 150 K and 165 K of the Lao.isCao.ssMnOa sample (A = 2.44A). The observed data points are indicated 
with solid circles, while the total structural and magnetic calculated pattern are shown as continuous lines. The positions of 
the reflections for the crystal and magnetic structure employed in the refinements are indicated with vertical lines below the 
pattern. The indices refer to the magnetic reflections. The splitting of the (111) reflection (at 43 degrees) due to the monoclinic 
distortion can also be seen. 



Glazer's classification for an octahedral tilt system which 
maintains the tilt system a~b + a~ and is compatible 
with a monoclinic unit cell, we selected the tilt sys- 
tem a~b + c~ to refine the low temperature monoclinic 
phase. This tilt system is described with the monoclinic 
space group P2x/m, which is a subgroup of Pnma. In 
P2\/m space group there are two non-equivalent sites 
for La and MnEj Each Mn site has its own apical oxy- 
gen (bond direction mainly along 6- axis). Concerning 
the two plane oxygens at the general position they are 
shared by the two Mn sites. In order to reduce the free 
parameters we used the constrains £?(La(l)) = B(La(2)) 
and S(Mn(l)) = B(Mn(2)) for La and Mn temper- 
ature factors respectively. The refinement of neutron 
diffraction patterns after taken the above constraints into 
consideration gives very good Rietveld agreement fac- 
tors. The same type of monoclinic distortion has been 
observed in—Smo.isCao.ssMnOs and Bio.isCao.ssMnOa 
compounds.oEJ Due to the low x-ray scattering; factor of 
oxygen the experiments done by Zheng et al£3 were not 
sensitive enough to find the correct structural transition 
in La .i7Ca .83MnO 3 . 

We have also tested the space group P2\jn (No 14) 



which follows the tilt system a~b~c~ with an 1 : 1 
ordering of the Mn ions.E3 However, this model is not 
able to account for the peak at 29 ~ 43.5°, as well 
as for several other peaks at the high angles. We 
were therefore led to pHile out this possibility. Re- 
cently Lobanov et al.EH reported that the ferromag- 
netic insulated Lao.ssCao.isMnOa compound undergoes a 
monoclinic distortion below the ferromagnetic transition 
(space group P2\jc) with noncquivalcnt MnC>2 layers al- 
ternating along the a axis. In their model they considered 
that the monoclinic angle is between the b and c axis of 
the high temperature Pnma structure. From the specific 
pattern of Mn-0 distances they proposed an unconven- 
tional orbital ordering. We tested also this model but 
since it does not predict splitting of the (202) reflection 
it can not account for the low temperature diffraction 
pattern of Lao.isCao.ssMnOs. Figure ^ shows the ob- 
served and calculated neutron powder diffraction inten- 
sity patterns for Lao.isCao.ssMnOa at 1.6 K (the plot for 
x = 0.8 was similar) using neutron diffraction data from 
E9 diffractometer. The corresponding structural param- 
eters for both samples are reported in Table | and the 
selected bond distances in Table H. The bonds' length 
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TABLE I: Lai-zCa^MnOa (as = 0.8 and 0.85) structural 
parameters at T — 300 and 1.6 K as determined from Ri- 
etveld refinements based on neutron powder diffraction data 
of the E9 diffractometer (A = 1.798A) The space group Pnma 
(No62) was used for the data at T = 300 K. La, Ca and api- 
cal oxygen (Oa) occupy the 4c, (a;, 1/4, z) site, Mn the 4b 
(0,0, 1/2) site and the plane oxygen (Op) the general 8d site. 
The monoclinic space group P2\jrn (b axis unique No 11) 
was used for the data at T = 1.6 K. The atomic sites for 
P2i/m are: La/Cal,2, Oal,2 2e[x,\,z\, Mnl 26[±,0,0], Mn2 
2c[0, 0, s], and Opl,2 4f[x,y,z]. The parameters U%j repre- 
sent the eigenvalues of the cartesian U— matrix. Numbers in 
parentheses are statistical errors referring to the last signifi- 
cant digit. 
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FIG. 3: Rietveld refinement pattern for Lao.isCao.ssMnOs at 
1.6 K (A = 1.798A).The observed data points are indicated 
with open circles, while the calculated pattern is shown as 
a continuous line. The positions of the reflections for the 
crystal and magnetic structure employed in the refinements 
are indicated with vertical lines below the pattern. 



at T — 1.6 K shows that the Mn(l) site has two long 
bonds with 02p (~ 1.94 A for x = 0.851 in the a - c 
plane and four short averaging to ~ 1.88 A. 

In LaMn 3+ C>3 (which is a pure Mn +3 compound) the 
Mn +3 C>6 octahedra display a large JT distortion and co- 
herent orbital ordering, with two long in-plane Mn +3 
bonds (2.18lA) and four short (2 x_J .914 A in-plane 
and 2 x 1.966 A along the b axis).E3 Upon substitu- 
tion of Ca for La in the metallic ferromagnetic or in- 
sulating paramagnetic state the MnOg oetahedra have 
six almost equal bond length ~ 1.95lA.E3 In the case 
of Lao.sCao.sMnOs and in the charge-ordered state the 
structure has two sites with characteristics of Mn +3 and 
Mn +4 , respectively. The Mn +3 06 octahedra have two 
in-plane long bonds ~ 2.07 A and four short ~ 1.92 A. 
On the other hand the Mn +4 C>6 octahedra have six short 
almost equidistant bonds ~ 1.91 AJl3 The same occurs in 
the Lao.33Cao.67Mn03 compound in the charge-ordered 
state, with the Mn +3 06 octahedra being JT distorterd 
(2 x 2.02A and 4 x 1.91 A) and the Mn +4 6 octahedra 
having five short bonds (~ 1.9A) except for a single long 
bond (~ 2J3A) attributed to the frustrated Mn-O-Mn 
interaction.! 
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The main effect of the transition at T c is a redistri- 
bution of the Mn-0 bond lengths, rather than that of 
the bond angles. At room temperature, the octahedral 
coordination of manganese with oxygen is approximately 
undistorted, with four short bonds ~ 1.91 A (two in the 
basal plane and two along b— axis ) and two longer bonds 
~ 1.92A in the basal plane. Upon cooling below T c , the 
structural changes are evident in the MnC>6 octahedra. 
The two crystallographically independent MnOg octa- 
hedra are tetragonally elongated with the two Mn-02p 
bonds in the a — c plane elongated and four short bonds 
(Mn-Op and Mn-Oa) along the b— axis and a — c plane 
respectively. This is also the manifestation of the static 
Jahn- Teller effect. The two manganese sites present in 
the monoclinic phase have very similar environments, ex- 
cept for the distortion parameter (see Table which is 
different by one order of magnitude. This fact may im- 
ply that the monoclinic phase displays orbital ordering 
but it does not show the typical signature of charge or- 
dering. This orbital ordering is developed concomitantly 
with the antiferromagnetic ordering (see next section). 
Due to absence of large local distortions in the MnC>6 
octahedra one can say that the high temperature phase 
undergoes a homogeneous distortion at T — T c and in the 
low temperature monoclinic structure the e g electrons are 
not definitely localized (absence of charge ordering). At 
this point we must note that the charge ordering model 
can not rull out completely because, the difference in the 
structural parameters for the charge ordering model at 
the studied consentrations (x = 0.8, 0.85 ) may by small. 

The presence of two long bonds for both Mn sites at the 
monoclinic phase is a result of the fact that the e g eletrons 
are c-antibonding and any localization or confinement of 
them to a specific plane or direction will result in an ex- 
pansion of the bonds in that directions. Derealization of 
the e g electrons should lead to a very isotropic distribu- 
tion of Mn-0 distances in agreement with our observation 
above T c . 

Figure El shows the variation of the lattice parame- 
ters a, 6/\/2 and c with temperature for both samples. 
The lattice parameters display changes below T max . The 
b— axis undergoes a drastic decreasing while the a and c 
axes slightly increase. Since a > c > 6/v2 the x = 0.8 
and 0.85 samples belong to the so-called Of structure. 
This type of structure can result from octahedral tilt- 
ing and a cooperative JT distortion (orbital ordering). 
For comparison we include in this figure the tempera- 
ture variation of the magnetic moment deduced from the 
SQUID measurements during warming, for both samples 
(see right scale) . Both measurements display a maximum 
at T max = 210 K and 160 K for x = 0.8 and 0.85 samples, 
respectively. The observed magnetization peak can be 
explained by considering that at high temperatures the 
hopping of the e g electron induces ferromagnetic correla- 
tions through the double-exchange mechanism and when 
these electrons freeze the ferromagnetic fluctuations are 
replaced by superexchange driven antiferromagnetic spin 
fluctuations. Figure |^ shows the variation of the mon- 
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FIG. 4: Lattice parameters as a function of temperature for 
Lai-zCazMnOa (x =0.8 (lower panel) and x = 0.85 (upper 
panel)) as obtained from the neutron diffraction data. Er- 
ror bars are smaller than the symbols. The bold continuous 
line represents the magnetic moment measured after zero field 
cooling during warming under a 1 kOe magnetic field. 



oclinic angle (3 as a function of temperature for both 
samples. In the same plot we include the temperature 
variation of the ordered magnetic moment per Mn ion 
(deduced from the magnetic peak intensity in neutron 
diffraction, see next section) for both samples. The mon- 
oclinic angle increases from 90° at T c to ~ 91° at low 
temperatures and follows the temperature variation of 
the ordered magnetic moment shown in fig. g. Also, the 
transition point marked by the appearance of the mono- 
clinic distortion coincides with the peak observed in the 
SQUID data (fig. ||). The space group describing the 
low temperature structure is a maximal subgroup of the 
high temperature phase. Then, according the Landau 
theoryEj of phase transitions one expect that the transi- 
tion is of second order. In other words it is possible to 
go from the Pnma structure to P2\/m by a continuous 
change in the cation displacements. 

Finally, we discuss the possibility that the Mn(2) sites 
are occupied exclusively by Mn" 1 " 4 ions. The Mn(l) sites 
with longest bond length ~ 1.95A (x — 0.80 sample) cor- 
responds to a site with a Mn +3 character. For example 
it can be considered as randomly occupied by 60% Mn +4 
and 40% Mn" 1 " 3 . Of course the Mn 4+ -0 bond length is 
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shorter by ~ 0.05A in comparison with x — 0.5 or 2/3. 
The distortion is smaller for the sample with x = 0.85 
than for that with x = 0.80. Therefore, we might con- 
clude that if at x — 0.75 a clear charge-ordered state 
exists then when Ca content is further increased, the 
crystal is tending more and more to acquire the struc- 
ture of CaMnC>3 with a homogeneous distortion of the 
T = 300 K Pnma phase. 



A. Magnetic structure 

In this section we will discuss the magnetic reflec- 
tions appearing at T < T c using neutron diffraction data 
from the E6 diffractometer. Figure |^ shows the neu- 
tron diffraction patterns of the Lao.isCao.ssMnOs sample 
recorded with A = 2.44A in the range 1.6 — 165 K. Below 
T c = 150 K splitting of the family of peaks [(101), (020)] 
and (111) due to the monoclinic distortion is observed. 
A series of additional Bragg peaks occurring mainly at 
low angles give a clear indication for the presence of an- 
tiferromagnetic long-range ordering. The antiferromag- 
netic ordering occurs concomitantly with the monoclinic 



transition at T c (Tjv = T c ). All the magnetic peaks can 
be indexed using the propagation vector k = [|, 0, |] (U 
point of the first Brillouin zone). The magnetic structure 
for this propagation vector corresponds to the so-called 
type-C antiferromagnetic structure Ire 2 ] 

The integrated intensity of a magnetic reflection at 
q = Q + k (Q is a reciprocal lattice vector) for a col- 
inear magnetic structure in a neutron powder diffraction 
pattern can be written as: 



To 



1 



V 2 sin 6 sin 26 



,(l-(qs) 2 )|F(q)| 2 (1) 



where Iq is the scale factor, V is the unit cell volume, 
9 is the Bragg angle and m is the multiplicity of the 
reflection q. The term (l — (q^) 2 } is an average over 
all the equivalent {q} reflections, q is the unit scattering 
vector, s is the unit vector along the axis of the colincar 
magnetic structure and F(q) is the magnetic structure 
factor for the configurational symmetry. The magnetic 
structure factor for the particular crystal and magnetic 
structure can be written as 



J 



F(q) = {1 — exp(7rifc)} I pi exp 



wi[h+- 



- p 2 exp 



m[l + - 



(2) 



where pj — (0.269 x 10 _12 cm//i B ) x Sj x fj x exp(— Wj) 
, Si (5*2) is the average ordered magnetic moment in 
Bohr magnetons fi,B for the Mn ion at (1/2,0,0) site 
((0,0,1/2)), fj is the magnetic form factor for the Mn 
ion and Wj is the Debye- Waller factor for the jth Mn 
ion. Thanks to the monoclinic distortion the diffraction 
pattern revealed zero intensity for the resolved reflec- 
tions (±, ±1, -\) and (§, ±1, i) , (|, ±1, |) . Using Eq. 
H we can readily conclude that p\ = pi- The ferromag- 
netic interactions occur along the two long in-plane Mn-0 
bonds, while along the four short Mn-0 bonds the inter- 
actions are antiferromagnetic. The relative intensity of 
the reflections (|,±1, |) and (-§, ±1, |) , (-|, ±1, |) 
implies that S _L k, that is, the magnetic moment is di- 
rected along the two long in-plane Mn-0 bonds. The fit 
of the experimental pattern at T = 1.6 K gives an am- 
plitude for the ordered magnetic moment per Mn ion of 
2.53(2) and 2.47(1) fi B for x = 0.8 and 0.85, respectively. 
These values are smaller than the theoretically expected 
for the stoichiometric mixtures of Mn +4 and Mn +3 (e.g. 
0.15 x 4 + 0.85 x 3 = 3.15). The smaller observed mag- 
netic moment than their nominal value of random mix- 
ture indicate the hybridization of the Mn ti g orbitals and 
the O 2p orbitals. The temperature variation of the or- 
dered magnetic moment per Mn ion as obtained from Ri- 
etveld refinement of the neutron powder diffraction data 



for both samples is plotted in Fig |[ 



IV. CONCLUSIONS 

The present work based on the analysis of neutron 
powder diffraction data shows that x = 0.80 and x = 0.85 
undergo an orthorombic-to-monoclinic structural transi- 
tion around 210 K and 160 K, respectively. The mon- 
oclinic distortion is larger for the x = 0.80 sample. Si- 
multaneously, long range antiferromagnetic order is de- 
veloped and it can be described with propagation vector 
k = [i,0, ^] that corresponds to the C-type structure. 
The ordered magnetic moment of the Mn ions is found 
to be normal to the propagation vector. 

A key question was about the existence or not of 
charge-ordering at low temperatures. Charge-ordering 
models without or with monoclinic distortions have failed 
to refine the diffraction patterns. The refinement was 
successful only with the P2\jm space group, where the 
two Mn sites in the low temperature structure have sim- 
ilar environments (in terms of their bond lengths in the 
corresponding Mn06 octahedra). This absence of prefer- 
ential local distortions (which would be a sign of differ- 
ent charges in the two Mn sites) in the Mn06 octahedra 
have led us to conclude that charge-ordering does not 
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occur in the monoclinic phase. However, the difference 
in the structural parameters for charge-order and charge 
disorder of Mn +3 and Mn +4 with ratios of 0.15 : 0.85 and 
0.2 : 0.8 may be as small (or smaller) as the sensitivity 
of the experimental method. 
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FIG. 5: Monoclinic angle /3 and ordered magnetic moment 
per Mn ion as a function of temperature for Lai-ajCarrMnOs 
(x — 0.8, 0.85) as obtained from the neutron diffraction data. 
The continuous lines are guides for the eye. Error bars are 
smaller than the symbols. 
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TABLE II: Selected bond lengths (A) and bond angles (deg 
) for Lai-^Ca^MnOs (x = 0.8,0.85) samples at T = 1.6 and 
300 K, calculated according to the structural parameters pre- 
sented in Table I. At 300 K (1.6 K) the structural model pre- 
dict one (two) Mn sites. The bond with subscript 'a' denotes 
bond mainly along the b-axis, while the 'p' stands for bonds 
in the a — c plane. The table also includes the average bond 
length < d >= (1/6) X);=i 6 tne distortion parameter of 
the Mn0 6 octahedra s 2 d = (1/6) £\ =1 6 [(d;- < d >)/ < d > 
] 2 - 



X 


0.8 


0.85 




300 


1.6 


300 


1.6 


A/Tn On V 9 
l\lLi-\JLL A Z 


1.915(1) 


- 


1.908(1) 


- 


A/Tvi V 9 

ivin-wp x z 


1.925(1) 


- 


1.923(3) 


- 


A/Tn C\n V 9 
l\LLl-\jp X Z 


1.912(4) 


- 


1.908(3) 


- 


ivin^i j-vj±(j x z 


- 


1.895(1) 


- 


1.894(1) 


lUnfl ^ Din Y 9 

IVlIll _L )- \J ±p A Z 


- 


1.886(5) 


- 


1.887(1) 


Mn/'l ^ 09n v 9 

IVlIll _L )- \J A Z 


- 


1.952(7) 


- 


1.941(5) 


IVlIll Z )-\JZ>(J, A Z 


- 


1.895(1) 


- 


1.898(1) 


Mn^A nin V 9 
IVlIll Z l-Wip A Z 


- 


1.920(6) 


- 


1.909(4) 


ivin^z j-KJAp X z 


- 


1.931(6) 


- 


1.925(5) 


Mnfl^ Din Mnfl^ 

ivini i itt-iviiii 1 1 


159.3(3) 


159.9(5) 


160.0(4) 


159.8(4) 


iviii^z j-vjztt-iviii^z j 


- 


159.7(5) 


- 


158.3(4) 


IVlIll Z )-Wl/>-lvlIll 1 1 


159.1(2) 


157.5(4) 


158.3(2) 


158.7(3) 


IVlIll Z )-\J Lp- l\lL1{ 1 1 


- 


161.5(3) 


- 


159.8(5) 


T o On v 9 


2.369(6) 


- 


2.344(6) 


- 


LjQl,-\J(1 X 1 


2.37(1) 


- 


2.38 (1) 


- 


La- Op x 1 


2.527(6) 


- 


2.513(6) 


- 


L*a-tjp x z 


2.610(6) 


- 


2.583(6) 


- 


T o On V 9 

ija-vjp x z 


2.640(5) 


- 


2.651(6) 


- 


La- Op X 1 


2.864(6) 


- 


2.864(6) 


- 


LiA-KJCl X 1 


2.97(1) 


- 


2.94 (1) 


- 


T a On V 9 
Ld-VJ// X Z 


3.098(6) 


- 


3.112(6) 


- 


ija^ij-LJzp x z 


- 


2.374(9) 
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2.36 (1) 


T o / 1 ^ D9/-I v 1 

IjcL^ ± j-\J LiJb A 1 


- 


2.38(1) 


- 


2.35 (1) 


Ta/I 1 ! HI n V 1 

ijai i i-w itt a i 




2.55 (1) 




2.50 (1) 


La(l)-01p x 2 




2.58 (1) 




2.583(6) 


La(l)-02p x 2 




2.613(8) 




2.595(6) 


La(l)-01a x 1 




2.84 (1) 




2.87 (1) 


La(l)-02a x 1 




2.97(1) 




2.98 (1) 


La(l)-01p x 2 




3.122(9) 




3.114(7) 


La(2)-01p x 2 




2.34 (1) 




2.370(9) 


La(2)-01a x 1 




2.39(1) 




2.38 (1) 


La(2)-02a x 1 




2.53 (1) 




2.48 (6) 
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3.038(9) 




3.077(7) 


< di > 


1.917(2) 


1.911(2) 


1.913(2) 


1.907(2) 


< d 2 > 
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1.910(2) 


< s% x 10" 5 
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44.68 
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30.14 


< 4 x 10" 5 
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